MINIATURE ELECTRICAL RELAYS USING A PIEZOELECTRIC THIN FILM 
AS AN ACTUATING ELEMENT, AND METHODS OF FABRICATING SAME 

FIELD OF THE INVENTION 
The present invention generally relates to electrical relays. More specifically, the 
present invention relates to such relays having a piezoelectric film. 

BACKGROUND OF THE INVENTION 
Relays are used to switch a wide range of electrical circuits by using solid state or 
mechanical switches that permit and prevent electrical components from receiving power 
supply. Relays may perform satisfactorily in some applications, but often suffer some 
unfavorable performance characteristics, such as being unreliable, slow, large, costly, 
and/or power consuming. These unfavorable performance characteristics produce 
unreliable circuits and prevent the use of one specific relay in many different 
applications. 

It is recognized that a relay may perform satisfactorily in a variety of circuits, 
applications and environments if certain beneficial features are achieved. Many of these 
features include high power load capability, low power switch actuation, minimization of 
arcing, cheap and simple fabrication, and small size. For example, relays with high 
current-carrying capability are needed for circuits in various satellite and cellular 
communications equipment. Furthermore, smaller, lower power relays are desirable for 
the ever shrinking size of circuitry in consumer electronics and other commercial and 
non-commercial applications. Although a variety of conventional relay designs attempt 
to achieve these and other beneficial attributes, conventional relays still suffer some 



undesirable characteristics. 

For example, solid-state switches based upon semiconductor technology such as 
GaAs field effect transistors (FETs) may be utilized to construct an electrical relay. Such 
a relay is small in dimension and provides fast switching at low operating voltages. 
However, a solid-state relay can only switch circuits carrying small currents (e.g., in the 
micro-amp to milliamp range). Furthermore, due to the semiconductor nature of these 
FET devices (i.e., the p-n junctions), a solid-state relay generally possesses high on- 
resistance, which generally means that the impedance of power flow through the relay is 
relatively high. 

Relay devices based on mechanical actuators are also known, including those 
driven by electrostatic, magnetic, thermal, hybrid, and bulk piezoelectric actuators. 
Because these switches are operated by mechanically connecting and disconnecting two 
metal contacts, mechanical relays often benefit from lower on-resistance than solid-state 
relays. 

Electrostatic relays are actuated by applying an electrostatic field between two 
electrodes to move a thin, flexible film. These relays can be micromachined to very 
small sizes, and can produce relatively sizable displacements at relatively high 
frequencies to ensure an open circuit in an off condition. However, due to thin metal 
electrode layers that are generally used for the metal contacts, the current carried over the 
contacts is limited to the milliamp range. Furthermore, high voltage is typically required 
for electrostatic relay operation (e.g., 50-100 volts). Magnetic relays, like electrostatic 
relays, also provide large displacements between the metal contacts. Unlike electrostatic 
relays, however, magnetic relays can carry relatively large currents (milliamp to amp 
range) over the electrical contacts, and can produce very strong contact force between the 
circuit contact elements. Nonetheless, magnetic relays generally suffer from a number of 
disadvantages, including magnetic operation, short lifetime and large size. Thermal 
buckling relays also provide high force actuation and large displacement, but typically 
require high power consumption. Moreover, switching speeds are often slow in these 
actuators, and the thermal power required to drive thermal actuators of these thermal 
buckling relays can cause deleterious effects on circuit performance. 

A hybrid drive relay is another type of mechanical relay, utilizing a combination 
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of actuating devices. Conventional hybrid drive relays include hybrid 
thermal/electrostatic and piezoelectric/electrostatic actuators that combine the attributes 
of higher force actuation (e.g., thermal or piezoelectric) with higher displacement 
actuation (e.g., electrostatic actuation). The thermal/electrostatic drive, however, still 
requires thermal power for actuation which can cause deleterious effects on circuit 
performance. The piezoelectric/electrostatic drive uses the natural expansion and/or 
contraction of a piezoelectric material under an applied electric field in combination with 
an electrostatic drive to actuate one or more contact elements. 

One such hybrid piezoelectric/electrostatic relay is described in U.S. Patent No. 
5,666,258, to Gevatter et al. Gevatter et al. discloses a hybrid micromechanical relay 
including both a piezoelectric actuator and an electrostatic actuator, where the two 
q actuators operate in tandem to supply a relatively strong contact force between contact 

7Z elements. The hybrid piezoelectric/electrostatic relay, however, utilizes the piezoelectric 

W element merely to assist the electrostatic actuation by providing higher force. The 

| y thickness and geometry of the piezoelectric layer is not optimized such that the 

piezoelectric is the primary driver. Furthermore, this hybrid drive requires multiple 
£3 processing steps on separate wafers for each driver element and also requires wafer 

f 4 bonding for final assembly. This method complicates device fabrication compared with 

•W monolithic micromachined structures. 

Q . 

pj Piezoelectric materials also may be exclusively utilized as actuating means in 

bulk piezoelectric relays, another type of mechanical relay. An example of a bulk 

piezoelectric relay is described in U.S. Patent No. 4,595,855, to Farrall. Farrall discloses 

a piezoelectric relay formed by adhesive bonding assembly steps using a ceramic 

piezoelectric material. Like other types of mechanical relays, a piezoelectric bulk 

ceramic relay suffers from some weaknesses. The bulk ceramic relay is relatively large 

in dimension, and would likely be used as a discrete component added separately to a 

circuit to be switched, or machined into a bimorph or array structure. The relay can also 

require high operating voltages for actuation, in the range of several hundred volts. 

Generally, therefore, an unsatisfied need exists in the industry for a low cost and 

easily fabricated relay with a high force output that allows for thick metal contacts for 

switching of high currents, fast switching speeds, long lifetime and relatively low 
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operating voltages. 

SUMMARY OF THE INVENTION 

These and other advantages are provided, according to the present invention, by 
providing a miniature electrical relay having a thin film piezoelectric actuating element as 
the primary driver. A miniature electrical relay in accordance with the present invention 
can take numerous forms to provide desired results. For example, the present invention 
can be embodied in the form of a cantilever relay or a bridge relay. Such miniature relay 
advantages include cheap and simple fabrication, low operating power, high force output, 
high current switching capability, and integration with small circuits. 

In accordance with the present invention, a piezoelectric actuating element is 
deposited on a movable contact of a miniature relay. The piezoelectric actuating element 
includes a piezoelectric material, preferably a piezoelectric film with a thickness in the 
range of 1-10 u.m, sandwiched in between two metal electrode layers that function as 
piezoelectric electrodes. The piezoelectric actuating element can be actuated by applying 
an electric field across the metal electrode layers, such as by selectively connecting the 
metal electrode layers to a positive terminal and a negative terminal, respectively, of one 
or more power sources. The metal used to construct the metal electrode layers should be 
platinum, silver or some other metal that may withstand processing conditions of the 
piezoelectric material, which may be in the range of 500-700°C in an oxidizing 
atmosphere. 

The piezoelectric actuating element is affixed to a movable circuit contact, 
mounted upon a support structure such as a substrate or integrated chip. The movable 
circuit contact is deformable with respect to a fixed circuit contact mounted on another 
portion of the support structure. In a cantilever relay according to the present invention, 
the movable circuit contact has one fixed end and one movable nonfixed end, whereas in 
the bridge relay according to the present invention, the movable circuit contact has at 
least two fixed ends, with a movable central portion. 

According to one aspect of the invention, when the piezoelectric actuating 
element is actuated, the movable circuit contact deforms to selectively engage one or 
more fixed contacts. According to an alternative embodiment, when the piezoelectric 



actuating element is actuated, the movable circuit contact deforms to disengage one or 
more fixed contacts. In either embodiment, when the movable circuit contact is 
mechanically and electrically coupled to the fixed circuit contact(s), the relay is in a 
conductive state. When the movable and fixed circuit contact(s) are separated by a gap, 
the relay is in a nonconductive state. 

In order to provide electrical isolation between the metal electrode layers of the 
piezoelectric actuating element and the contacts, an insulating layer such as silicon oxide 
or silicon nitride is deposited between the metal electrode layers and the circuit contacts. 
The thickness of the insulating material will depend on the voltage of the circuit to be 
switched, as the insulating layer should provide electrical isolation between the 
piezoelectric actuating element and the circuit contacts. 

In the cantilever relay, larger displacements with smaller device dimensions can 
be achieved but with lower force capability due to the free movement on the non-fixed 
end of the piezoelectric actuator. The bridge relay requires larger device dimensions and 
produces smaller displacements but generates higher piezoelectric forces than the 
cantilever design. The device dimensions of the relay may be between 100 micrometers 
to a few millimeters in length, although other dimensions may be achieved. Because the 
piezoelectric element is flexible, the cantilever or bridge will generally be in planar 
configuration over the fixed contact when the relay is in a nonconductive state. However, 
the cantilever and diaphragm may be designed to have a natural recoiled or non-planar 
configuration when the relay is in a nonconductive state. The strong actuation force of 
the piezoelectric actuating element allows for relatively thick metal electrode layers to be 
utilized for the circuit contacts, allowing the relay to carry large currents. 

Due to its micromachined construction, piezoelectric relays according to the 
present invention can be integrated with the circuit to be switched, and electrical signals 
from the circuit contacts and metal electrode layers can be easily isolated to prevent 
arcing between them by providing a sufficient insulating layer between them. Relays 
according to the present invention also use less power and can be fabricated in large 
quantities more efficiently by wafer-scale processing compared with discrete bulk relay 
devices. Finally, relays according to the present invention are smaller and use less power 




than other relays, and provide a wide temperature range of operation due to the high 
Curie temperatures (as high as 300-400°C) of the piezoelectric thin film material. 

Other features and advantages of the present invention will become apparent to 
one skilled in the art upon examination of the following drawings and detailed 
description. It is intended that all such features and advantages be included herein within 
the scope of the present invention as defined by the appended claims. 



FIG. 1 is a cantilever relay in a nonconductive state in accordance with an 
embodiment of the present invention. 

FIG. 2 is the cantilever relay of FIG. 1 in a conductive state in accordance with an 



embodiment of the present invention. 

FIG. 3 is a bridge relay in a nonconductive state in accordance with another 



FIG. 4 is the bridge relay of FIG. 3 in a conductive state in accordance with another 
embodiment of the present invention. 



The present invention now will be described more fully hereinafter with reference 
to the accompanying drawings, in which preferred embodiments of the invention are 
shown. This invention may, however, be embodied in many different forms and should 
not be construed as limited to the embodiments set forth herein; rather, these 
embodiments are provided so that this disclosure will be thorough and complete, and will 
fully convey the scope of the invention to those skilled in the art. Like numbers refer to 
like elements throughout. 



Many modifications and other embodiments of the invention will come to mind to 
one skilled in the art to which this invention pertains having the benefit of the teachings 
presented in the foregoing descriptions and the associated drawings. Therefore, it is to be 
understood that the invention is not to be limited to the specific embodiments disclosed 
and that modifications and other embodiments are intended to be included within the 



BRIEF DESCRIPTION OF THE DRAWINGS 



embodiment of the present invention. 



DETAILED DESCRIPTION OF THE INVENTION 
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scope of the appended claims. Although specific terms are employed herein, they are 
used in a generic and descriptive sense only and not for purposes of limitation. 

FIG 1. shows a cantilever relay 7 in accordance with an embodiment of the 
present invention. The relay 7 includes a support structure 10, such as a substrate, a 
circuit board, an integrated chip, or any other structure containing an electrical circuit. 
Furthermore, the cantilever relay 7 may be integral to the circuit to be switched. A fixed 
first contact 15 and a movable second contact 20 are fabricated on the support structure 
10, using well known photolithographic techniques. The fixed first contact 15, deposited 
by evaporation or sputtering, contains a thin metal adhesion layer such as chromium or 
titanium deposited on the support structure 10, followed by thick conducting metal 
deposition such as platinum, silver or gold. This layer is patterned via photolithography 
and etched, and a sacrificial layer such as silicon dioxide is then deposited on top of the 
fixed first contact 15 using evaporation or wet-chemical spin coating processes. 
Following patterning of the sacrificial layer, the movable second contact 20 is deposited 
using similar materials and processes as the fixed contact, and then patterned and etched. 
The sacrificial layer may then be removed by chemical etching or may remain in place 
prior to deposition of the piezoelectric layer, discussed in detail below. The purpose of 
the sacrificial layer is to create a gap between the first fixed contact 15 and movable 
second contact 20. 

In a preferred embodiment, the fixed first contact 15 preferably comprises a 
conductive metal with sufficient thickness to withstand substantial current, for example, 
in excess of 1 amp, and excessive ablation due to any friction or rubbing of the fixed first 
contact 15 against other materials of the relay 7, specifically, the movable second contact 
20. Examples of metals that may be used to make fixed first contact 15 include copper, 
silver, platinum, gold, titanium or chromium, or any combination thereof. However, it 
will be appreciated by those skilled in the art that other conductive metals may be 
employed. 

The movable second contact 20 is affixed to the support structure 10 by a base 22 
proximate to the fixed contact 15. The movable second contact 20 can be constructed 
from any suitable material, such as those that may be used to construct the fixed first 
contact 15, including the same material. The movable second contact 20 includes a 



projection 24 located opposite the fixed first contact 15 so that the fixed first contact 15 
resides between at least a portion of the projection 24 and the support structure 10. In the 
embodiment of FIG. 1, the movable second contact 20 is shown to be separated from the 
fixed first contact 15 by a gap 55 which may be comprised substantially of non- 
conductive substances such as air, gases, or fluids. 

An insulating layer 25 is disposed upon the surface of movable second contact 20 
opposite the support structure 10. Insulating layer 25 may be a conformal layer, and may 
be deposited upon movable second contact 20 so that it extends along the entire length or 
a partial length of movable second contact 20. In a preferred embodiment, the insulating 
layer 25 is silicon oxide or silicon nitride. However, it will be appreciated by those of 
skill in the art that any suitable insulating material may be used for insulating layer 25. 

As is shown in FIG. 1, a piezoelectric actuating element 47 is disposed on the 
insulating layer 25 opposite the movable second contact 20. The piezoelectric actuating 
element 47 comprises a piezoelectric material 35 sandwiched in between a first metal 
electrode layer 30 and a second metal electrode layer 40. The piezoelectric material 35 
may comprise a film, such as a thin film ceramic or polymer, comprising a piezoelectric 
or electrostrictive composition, such as lead zirconate titanate (PZT), barium titanate, 
lead magnesium niobale, lead titanate, polyvinyl idene fluoride (PVF2), PLZT (a PZT 
material with lanthanum doping or admixture), or another suitable piezoelectric material 
known to those of skill in the art. The thickness of the piezoelectric material 35 is 
preferably in the range of 1 to 10 pm, although other thicknesses may be utilized. One 
function of the insulating layer 25 is to provide electrical isolation between the movable 
second contact 20 and the piezoelectric actuating element 47. To perform this function, it 
should be appreciated that insulating layer 25 should be of a suitable thickness so that 
there is no influence of the circuit electric field on the piezoelectric actuating element 47 
and vice versa. 

The piezoelectric actuating element 47 may be formed in steps, wherein first 
metal electrode layer 30 is deposited upon the insulating layer 25 using metals and 
processes suitable for the contact layers, followed by the deposition of piezoelectric 
material 35 on the first metal electrode layer 30, and followed by the deposition of the 
second metal electrode layer 40 on the piezoelectric material 35. Thin film piezoelectric 
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ceramic materials such as PZT, barium titanate, lead magnesium niobate, lead titanate, 
polyvinylidene fluoride (PVF2), PLZT (a PZT material with lanthanum doping or 
admixture), may be deposited by a number of well-known processes including sol-gel 
deposition, sputtering, chemical vapor deposition (CVD), laser ablation and the like. 
Following deposition, the material can be heat treated (or alternatively heat treated in 
situ) to temperatures in the range of 500-700°C in oxidizing atmospheres to achieve the 
desired perovskite crystalline structure and sufficient piezoelectric properties. 
Deleterious effects from relatively high heat treatment temperatures can be minimized by 
using very short anneals using processes such as rapid thermal annealing. In the case of 
piezoelectric polymers, the materials are generally formed by chemical methods, for 
example spin coating, and the heat treatment parameters are less severe (i.e., lower 
temperatures). 

The first metal electrode layer 30 and the second metal electrode layer 40 are 
preferably made of platinum, although additional metals able to withstand piezoelectric 
ceramic processing temperatures can also be used. The metal electrode layers 30, 40 
should also be of sufficient thickness to withstand such processing. Additionally, if the 
piezoelectric relay is deposited directly onto the circuit to be switched, the circuit 
elements should be selected to withstand thin film piezoelectric ceramic processing 
temperatures. In the case of piezoelectric polymers, materials and elements with lower 
temperature capability may be used. 

In the cantilever relay of FIG. 1, the piezoelectric actuating element 47 includes a 
distal end 44 located opposite the projection 24, and a proximate end 42, located opposite 
the base 22. A negative terminal 50 of a power source 51 can be in electrical 
communication with a portion of the first metal electrode layer 30 at the proximate end 
42 of the piezoelectric actuating element 47. A positive terminal 45 of the power source 
51 is in electrical communication with a portion of the second metal electrode layer 40 at 
the proximate end 42 of the piezoelectric actuating element 47. In a preferred 
embodiment, the positive terminal 45 and negative terminal 50 are the positive and 
negative terminals of a single power source 51, although multiple power sources can also 
be utilized. 



An electric field generated by a power source, cycled from positive to negative, 
applied to the piezoelectric actuating element 47 at the proximate end 42 provides a pull 
mechanism to cause the relay 7 to enter a nonconductive state, as illustrated in FIG 1. 
The voltage differential across the piezoelectric material 35 may be between 5 V and 50V, 
depending on the piezoelectric thickness. The electric field also provides a push 
mechanism to cause the relay 7 to enter a conductive state, as shown in FIG. 2. The relay 
7 is in a nonconductive state when gap 55 exists between the entire surface of the 
projection 24 of the movable second contact 20 and the entire surface of the fixed first 
contact 15 closest to movable second contact 20. In the nonconductive state the movable 
second contact 20 is electrically isolated from fixed first contact 15. The relay 7 is in a 
conductive state, as shown in FIG. 2, when gap 55 does not exist in between the 
projection 24 of the movable second contact 20 and fixed first contact 15. In this state, 
movable second contact 20 is deformed to engage the fixed first contact 15 whereby the 
contacts are physically and electrically connected along a common surface 60. 

According to one aspect of the invention, the cantilever relay 7 may be formed 
such that movable second contact 20 is in contact with fixed first contact 15, as is shown 
in FIG. 2, when no voltage is being applied across the actuating element 47. In this 
embodiment, the relay 7 functions the same as in the previous embodiment. However, 
the relay state (i.e., conductive or nonconductive) is opposite the relay state of the 
previous embodiment when power is supplied, or is not supplied, to the actuating element 
47. Therefore, application of voltage to the actuating element 47 may cause the relay to 
enter a non-conductive state. 

One skilled in the art will appreciate that the minimum desired thickness of the 
piezoelectric actuating element 47 can depend upon the voltage of the circuit to be 
switched. A thicker piezoelectric material will result in a larger piezoelectric response to 
move thicker metal contacts, but larger electric fields may be required for operation. 

FIG. 3 shows a bridge relay 70 in a nonconductive state in accordance with 
another embodiment of the present invention. The bridge relay 70 can be constructed in a 
similar manner as the cantilever relay 7, and can include substantially the same layers as 
relay 7. It will be appreciated by those of skill in the art that embodiments disclosed with 
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respect to the cantilever relay 7, may also be implemented in the bridge relay 70. Thus, 
like elements and structures may include like materials and constructions. 

The bridge relay 70 differs from the cantilever relay 7 in that the piezoelectric 
actuating element 147, insulating layer 125, and movable second contact 120 include at 
least two fixed ends, a first end and a second end, each affixed to a first and second 
position, respectively, of the support structure 100. As with the cantilever relay, the 
bridge relay 70 may be integral to the support structure, which may be a circuit to be 
switched. The relay 70 also includes a fixed first contact 115 which is mounted upon the 
support structure 100. The relay 70 includes a deformable central portion 144 located 
substantially between the first and second ends of the movable second contact 120, which 
is deformable with respect to a fixed first contact 115. In the conductive state, shown in 
FIG. 4, the movable second contact 120 engages the fixed first contact 115 so that the 
fixed first contact 115 and movable second contact 120 are physically and electrically 
connected along a common surface 160. In the nonconductive state of FIG. 3, the fixed 
first contact 115 and movable second contact 120 are separated by a gap 155. As with 
the cantilever relay 7, described above, the gap 155 may be comprised substantially of 
non-conductive substances such as air, gases, or fluids. 

Like the cantilever relay 7, the bridge relay 70 includes a fixed first contact 115 
affixed to a portion of the support structure, and a movable second contact 120, affixed to 
a second portion of the support structure 100. The bridge relay 70 also includes an 
insulating layer 125 affixed to the movable second contact 120 opposite the support 
structure 100 and fixed first contact 115. The piezoelectric actuating element 147 is 
affixed to the insulating layer 125, and includes a piezoelectric material 135 sandwiched 
in between the first metal electrode layer 130 and a second electrode metal layer 140. 
The piezoelectric actuating element 147 is coupled to the second contact 120, wherein the 
piezoelectric actuating element 147 can deform the movable second contact 120. It will 
be appreciated by those of skill in the art that materials and embodiments disclosed above 
for the fixed first contact 15, movable second contact 20, support structure 10, insulating 
layer 25, piezoelectric material 35 and the metal electrode layers 30, 40 may be used for 
like components in bridge relay 70. 



The first metal electrode layer 130 can be connected to a negative terminal 150 of 
a power source 151, and second metal electrode layer 140 is connected to a positive 
terminal 145 of a power source 151. In a preferred embodiment, the positive terminal 
145 and negative terminal 150 are the positive and negative terminals of a single power 
source, although multiple power sources may also be utilized. As in relay 7, an electric 
field generated by the power source 151, cycled from positive to negative, applied to the 
piezoelectric actuating element 147 through metal electrode layers 130 and 140 provides 
a pull mechanism to cause the relay 70 to enter a nonconductive state, as illustrated in 
FIG 3. The electric field also provides a push mechanism to cause the relay 70 to enter a 
conductive state, as shown in FIG. 4. As in the cantilever relay embodiment, above, this 
power source may produce a voltage differential in the range of 5 V to 50V. 

According to one aspect of the invention, the bridge relay 70 may be formed such 
that movable second contact 120 is in contact with fixed first contact 115, as is shown in 
FIG. 4, when no voltage is being applied across the actuating element 147. In this 
embodiment, the relay 70 functions the same as in the previous embodiment. However, 
the relay state (i.e., conductive or nonconductive) is opposite the relay state of the 
previous embodiment when power is supplied, or is not supplied, to the actuating element 
147. Therefore, application of voltage to the actuating element 147 may cause the relay 
to enter a non-conductive state. 

Comparatively, the cantilever relay 7 may achieve a larger displacement between 
the fixed first contact 15 and the movable second contact 20 than can be achieved 
between the fixed first contact 115 and the movable second contact 120 of the bridge 
relay 70, due to the free movement of the nonfixed end of the movable second contact 20 
and the piezoelectric actuating element 47. Furthermore, because the cantilever relay 7 
requires less structure than the bridge relay 70, the cantilever relay 7 may be constructed 
smaller than a bridge relay 70. 

On the other hand, the bridge relay 70 provides some advantages over the 
cantilever relay 7. Higher actuation forces may be achieved with the bridge relay 70 than 
in the cantilever relay 7 because larger device dimensions (e.g., more piezoelectric 
material) and more structural supports are included. This is due to the support of the 
piezoelectric actuating element 147, insulating layer 125 and movable second contact 120 
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on two portions of the support structure 100, as compared to only one portion in the 
cantilever relay 7. 

Due to the micromachined structure and small amount of piezoelectric material 
used, the device dimensions of the cantilever and bridge embodiments may be between 
100 |j.m to a few mm in length, although other dimensions may be achieved. The relays 7 
and 70 may be fabricated by low cost chemical processing methods such as sol-gel 
deposition. Furthermore, large-area blanket films may be deposited, patterned and etched 
to form arrays of switches for manipulation of complex circuits. The construction of the 
relays 7 and 70 results in a strong actuation force of the piezoelectric actuating element 
47, 147, which allows for thick metal contacts, allowing the relay to carry large currents, 
in the range of 1 ampere. 

Many modifications and other embodiments of the invention will come to mind to 
one skilled in the art to which this invention pertains having the benefit of the teachings 
presented in the foregoing descriptions and the associated drawings. Therefore, it is to be 
understood that the invention is not to be limited to the specific embodiments disclosed 
and that modifications and other embodiments are intended to be included within the 
scope of the appended claims. Although specific terms are employed herein, they are 
used in a generic and descriptive sense only and not for purposes of limitation. 
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